
US 20140239906A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2014/0239906 A1 

Anderson et al. (43) Pub. Date: Aug. 28, 2014 

(54) 

(71) 

(72) 

(73) 

(21) 

(22) 

(60) 

REDOX-ACTIVE LIGAND-BASED 
TRANSITION METAL COMPLEX FLOW 
BATTERIES 

Applicant: Sandia Corporation, Albuquerque, NM 

Inventors: 

Assignee: 

Appl. No.: 

Filed: 

(Us) 

Travis Mark Anderson, Albuquerque, 
NM (US); Mitchell Anstey, Oakland, 
CA (US); Neil C. Tomson, Santa Fe, 
NM (US) 

Sandia Corporation, Albuquerque, NM 
(Us) 

14/189,830 

Feb. 25, 2014 

Related US. Application Data 

Provisional application No. 61/770,918, ?led on Feb. 
28, 2013. 

Publication Classi?cation 

(51) Int. Cl. 
H01M8/18 (2006.01) 
H02] 7/00 (2006.01) 
H01M8/20 (2006.01) 

(52) U.S.Cl. 
CPC .............. .. H01M 8/188 (2013.01); H01M 8/20 

(2013.01); H02] 7/0068 (2013.01);H01M 
2300/0025 (2013.01) 

USPC ............ .. 320/128; 556/42; 429/105;429/108 

(57) ABSTRACT 
Flow batteries including one or more metals complexed by 
one or more redox-active ligands are disclosed herein. In a 

general embodiment, the ?ow battery includes an electro 
chemical cell having an anode portion, a cathode portion and 
a separator disposed between the anode portion and the cath 
ode portion. Each of the anode portion and the cathode por 
tion includes one or more metals complexed by one or more 
redox-active ligands. The ?ow battery further includes an 
anode electrode disposed in the anode portion and a cathode 
electrode disposed in the cathode portion. 
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REDOX-ACTIVE LIGAND-BASED 
TRANSITION METAL COMPLEX FLOW 

BATTERIES 

RELATED APPLICATION 

[0001] This application claims priority to US. Provisional 
Application No. 61/770,918, ?led Feb. 28, 2013, and entitled 
“REDOX-ACTIVE LIGAND-BASED TRANSITION 
METAL COMPLEX FLOW BATTERIES”, the entirety of 
which is incorporated herein by reference. 

GOVERNMENT RIGHTS 

[0002] This invention was made with Government support 
under Contract No. DE-AC04-94AL85000 between Sandia 
Corporation and the US. Department of Energy. The Gov 
ernment has certain rights in the invention. 

BACKGROUND 

[0003] Global energy consumption is projected to increase 
at least two-fold by mid-century, and this increased need will 
be met, at least in part, through the use of renewable energy 
sources. Due to the intermittent nature of these resources, 
large-scale energy storage sources must likewise be invented, 
developed, and deployed in this timeframe in order for these 
carbon neutral technologies to be fully utilized and to aid in 
controlling CO2 emissions. The need for grid storage is also 
being driven by the evolving nature of the grid (smart grid, 
green grid, and the distributed nature of the grid) as well as by 
other technological developments, such as vehicle electri? 
cation. Technologies that have been explored for various 
energy storage applications include pumped hydroelectricity 
(PHE), compressed air (CAES), batteries, ?ywheels, and ult 
racapacitors. Among the technologies that are not geographi 
cally constrained, ?ow batteries show promise in terms of 
power rating (MW), response time, capital cost, and cycle life 
at 80 percent depth of discharge. 
[0004] Broadly de?ned, a ?ow battery is an energy storage 
technology that utilizes reduction-oxidation (redox) states of 
various species for charge and discharge purposes. During the 
charge of a redox ?ow battery (RFB), electro-active material 
is pumped from an external reservoir, through an electro 
chemical cell, into a second external reservoir. Charge is 
stored in the form of chemical energy through changes in the 
charge state of the active material. Discharge occurs by 
reversing the process. Flow batteries are unique among 
charge storage devices because some designs can completely 
decouple power and energy. 
[0005] The earliest ?ow battery designed was an iron-chro 
mium battery. This battery contains aqueous chromium and 
iron solutions for the cathode and anode, respectively, and it 
has an open circuit potential of 1.2 V. Despite the low cost of 
the materials, this battery displays signi?cant crossover of the 
electro-active species and thus signi?cantly reduced capacity. 
In addition, the chromium redox reactions are sluggish and 
require a catalyst for reasonable performance. In order to 
mitigate crossover issues, an all-vanadium battery was devel 
oped with aqueous vanadium solutions for both the cathode 
and the anode. In the cathode, the vanadium cycles between 
the +5 and +4 oxidation states, and in the anode it cycles 
between +3 and +2. Like the iron-chromium chemistry, the 
all-vanadium battery has very low energy density due to the 
limited solubility of the electro-active material. In addition, 
the cathode displays signi?cant temperature sensitivity that 
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requires extensive thermal management. A promising aque 
ous ?ow battery in terms of energy density is the Zinc-bro 
mine system. However, a number of issues are still present 
with this chemistry, including bromine toxicity, Zinc dendrite 
formation, and high self-discharge. As a result, there is a need 
for improved and more ef?cient ?ow batteries. 

SUMMARY 

[0006] In a general embodiment, the present disclosure 
provides a ?ow battery including one or more metal com 
plexes composed of redox-active (i.e., redox non-innocent) 
ligands as a charge storage material. The ?ow battery can 
include an anode portion and a cathode portion each contain 
ing the metal complexes composed of redox-active ligands. 
[0007] As used herein, metals are de?ned as any elements 
on the periodic table that can form bonds to redox-active 
ligands. These are generally found in the alkali series, alka 
line earth series, transition series, main group series, lan 
thanide series, and the actinide series. Metals de?ned herein 
might also include elements called metals, semimetals, and 
non-metals. 

[0008] In another embodiment, the present disclosure pro 
vides a ?ow battery including 1) an electrochemical cell 
having an anode portion, a cathode portion and a separator 
disposed between the anode portion and the cathode portion; 
2) an anode electrode disposed in the anode portion; and 3) a 
cathode electrode disposed in the cathode portion. Each of the 
anode portion and the cathode portion includes one or more 
metals complexed by one or more redox-active ligands. In an 
embodiment, the metal complexed by one or more redox 
active ligands of each of the anode portion and the cathode 
portion are a similar material. The anode electrode and the 
cathode electrode can each be connected to a load. The ?ow 
battery can include an anode reservoir coupled to the anode 
portion of the cell and a cathode reservoir coupled to the 
cathode portion. 
[0009] As used herein, a separator can be any material 
separating the anode and cathode chambers and is used to 
segregate the redox-active material while allowing charge 
balance to occur during charging and discharging of the bat 
tery. In an embodiment, the separator can be a membrane. 

[001 0] In an alternative embodiment, the present disclosure 
provides a method for generating power. The method com 
prises introducing one or more metals complexed by one or 
more redox-active ligands into at least one of an anode portion 
and a cathode portion of an electrochemical cell and charging 
or discharging the cell. Introducing may include bringing the 
metal complexed by one or more redox-active ligands into 
each of the anode portion and the cathode portion of the 
electrochemical cell. 

[0011] In an embodiment, the metal complexed by one or 
more redox-active ligands introduced into the anode portion 
is similar to the metal complexed by one or more redox-active 
ligands introduced into the cathode portion. 

[0012] In yet another embodiment, the present disclosure 
provides a ?ow battery including an electrolyte of one or 
more aqueous or non-aqueous metals complexed by one or 
more redox-active ligands. The ?ow battery includes an 
anode portion and a cathode portion each containing a portion 
of the electrolyte. 
[0013] An advantage of the present disclosure is to provide 
improved ?ow batteries. 
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[0014] Another advantage of the present disclosure is to 
provide an improved method and device for generating 
power. 
[0015] Additional features and advantages are described 
herein, and will be apparent from the following Detailed 
Description and the ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 shows a schematic side view representation 
of a ?ow battery at discharge in an embodiment of the present 
disclosure. 
[0017] FIG. 2 shows a schematic side view representation 
of a ?ow battery at discharge in another embodiment of the 
present disclosure. 
[0018] FIG. 3 shows examples of metals and ligands in an 
embodiment of the present disclosure. 
[0019] FIG. 4 shows mass spectra of la (a) and lb (b) in 
negative mode. For la, the mo st abundant peaks are observed 
at 330.8 m/z and 544.9 m/z, which correspond to a fragmen 
tation product, [V(mnt)2]_ and ([NMe4][V(mnt)3])_. For lb, 
the most abundant peaks are observed at m/z:330.8 and 601. 
0, which correspond to the fragmentation products, [(V(mnt) 
21- and (mm [Wmmw~ 
[0020] FIG. 5 shows UV-vis spectra of both a freshly pre 
pared solution of la in acetonitrile (solid line) and a solution 
of la that was stored under air for one week (dashed line). 
[0021] FIG. 6 shows cyclic voltammetry of a freshly pre 
pared solution of (la) in acetonitrile and a solution that was 
stored under air for one week, followed by purging with 
nitrogen before analysis (normalized currents). 
[0022] FIG. 7 shows cyclic voltammetry of lb (20 mM in 
CH3CN with 0.1 M [TBA] [PF6]) at a scan rate of 250 mV/s, 
at room temperature. Vertical hash denotes the approximate 
OCP prior to scans. 
[0023] FIG. 8 shows in (a) voltage pro?les of a static cell 
containing 20 mM lb, in CH3CN with 0.1 M [TBA][PF6] 
supporting electrolyte. Charge (dashed) and discharge (solid) 
cycles were carried out at 1 mA and 0.1 mA, respectively, 
between 0 to 2V (cycles two (blue) and 16 (red) are shown), 
and in (b) Faradaic ef?ciency (“electrochemical yield”) and 
coulombic ef?ciency of the cell described above. 

DETAILED DESCRIPTION 

[0024] The expanded electrochemical window in non 
aqueous systems for ?ow batteries is constrained by limita 
tions on the redox activity of the complexes in question. 
Changes in the oxidation state of the transition metal can lead 
to drastic changes in the preferred coordination geometry and 
bonding between a metal and its ligands. The current para 
digm has been to augment the metal-centered redox events 
through ligand choice, stabilizing the metal center in the 
highly reduced, highly oxidized, or generally unstable oxida 
tion states. Additionally, the number of electrons each com 
plex can reversibly store is another limitation that cannot be 
suf?ciently increased by using redox-inactive supporting 
ligands. As used herein, “complex” refers to a state of being 
chemically bonded. 
[0025] Redox “non-innocence” is a term that refers to the 
ability of a ligand, bound to a transition metal, to undergo 
oxidation and reduction separate from the metal center of the 
complex. These ligands are also referred to as redox-active, 
but as used herein, either of the terms redox-active or non 
innocent may be used throughout as equivalent. The term 
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“redox non-innocent” was invented to describe the ambigu 
ities of transition metal oxidation states that arose when cer 
tain ligands were bound to transition metals. It became appar 
ent in certain cases that the metal center was not being 
reduced or oxidized, and instead, the ligands themselves were 
responsible for the redox behavior of the complex. It should 
be noted that redox-active ligands can behave in both a sup 
porting role and in a redox-active role, and this dichotomy led 
to further confusion surrounding the electronic structure of 
the ligand-metal complex. Certain ligand classes have been 
studied in depth and deemed redox-active due to their pro 
clivity toward redox-activity. Those ligand types include but 
are not limited to nitrosyl, (x-diimines, (x-diketones, (x-dithi 
olenes, bipyridines, terpyridines, catechols, phenolates and 
tetrapyrrole macrocycles. 
[0026] As used herein, redox-active ligand complexes of 
transition metals are seen as a pathway to improved ?ow 
battery electrolytes. Because the complex no longer relies on 
the metal center for all redox activity, the stability of the 
electrolyte will be enhanced. When compared to a standard 
coordination compound with only metal-based redox behav 
ior, the incorporation of redox-active ligands increases the 
energy-to-mass ratio by adding additional ligand-based redox 
events and making better use of the entire mass of the transi 
tion metal complex for energy storage. Additionally, a large 
electrochemical window of 2 volts or greater will be acces 
sible. Finally, multiple electron redox events at the same 
potential are possible with several of these ligand systems, 
increasing the energy density of the system. 
[0027] As used herein, the terms “one or more metals com 
plexed by one or more redox-active ligands” and “a redox 
active ligand coordination complex” are interchangeable. 
The metals described herein may include, but not be limited 
to, elements in the ?rst row transition series and other low 
cost early transition metals: scandium, titanium, vanadium, 
chromium, manganese, iron, cobalt, nickel, copper, zinc, zir 
conium, niobium, molybdenum, hafnium, tantalum, and 
tungsten. 
[0028] FIG. 1 shows a schematic side view of a ?ow battery 
in an embodiment of the present disclosure. Referring to FIG. 
1, ?ow battery 100 includes cell 110 including cathode por 
tion 150 and anode portion 160 separated by separator 140. 
Disposed in cathode portion 150 is electrode 120 and dis 
posed in anode portion 160 is electrode 130. Electrode 120 
and electrode 130 are connected to opposite sides of load 180. 
[0029] Connected to cathode portion 150 is cathode reser 
voir 155. Connected to anode portion 160 ofcell 110 is anode 
reservoir 165. Cathode reservoir 155 contains an electrolyte 
that is pumped by pump 170 through cathode portion 150 of 
cell 110. Anode reservoir 165 similarly contains an electro 
lyte that is pumped by pump 175 through anode portion 160. 
The electrolytes associated with cathode reservoir 155 and 
anode reservoir 165 act as energy carriers that are pumped 
simultaneously through cathode portion 150 and anode por 
tion 160, respectively. 
[0030] The designations for anode and cathode in FIG. 1 
are arbitrary and are interchangeable when the charge and 
discharge cycles are run sequentially. The anode side during 
a charge cycle becomes the cathode side during a discharge 
cycle and vice versa. 
[0031] In charging, the electrical energy supplied causes a 
chemical reduction reaction in one electrolyte and an oxida 
tion reaction in the other. Separator 140 between cathode 
portion 150 and anode portion 160 inhibits the electrolytes 










